Parasites have been recently advocated as useful proxies for unravelling a complex evolutionary history of a host. In the present study, two species of feather lice, Brueelia semiannulata and Philopterus sp. were analysed for mitochondrial variation and compared to mitochondrial and nuclear variation in their host, the Australian magpie Gymnorhina tibicen. Phylogenies constructed using maximum likelihood methods revealed geographic structuring for both species of feather lice and host. Our genetic analysis shows concordance of eastwest structure between host and Philopterus sp. indicating that it is an informative proxy for host history. Analysis of the Philopterus sp. phylogeny also suggested cryptic structuring within the eastern magpie population that had not been previously realized through genetic analysis of the host. B. semiannulata however, did not show congruent phylogeographic structuring with the host. Rather than showing an eastwest split between lineages, the phylogeny of B. semiannulata showed north-south geographic structuring. It is postulated that this incongruence may be due to ecological habitat differences and/or the dispersal ability of B. semiannulata.
Introduction
Comparative analysis of genetic variation among hostparasite systems provides insights into the ecology and evolutionary history of both the parasite and the host. Recently, several studies have demonstrated the usefulness of parasites as proxies for inferring history or ecology of the host (Nieberding and Olivieri, 2007) . For example, genetic variation in parasites has been useful in determining recent history and demography in a threatened species of hawk (Whiteman et al., 2007) . These studies comparing host and parasite phylogenies have revealed a number of patterns. Where there is high specificity of the parasite, molecular data may show congruent patterns with the host (Whiteman et al., 2006) and in some cases reveal cryptic structure in the host (Nieberding et al., 2004) . A close association between parasite and host may lead to host races, or speciation (McCoy et al., 2005) . In such cases, parasites may be useful in estimating dispersal and identifying source populations of the host (Criscione et al., 2006, Criscione and Blouin, 2007) . In other cases, the genetic structure of parasite populations may be less than that of the host (Dybdahl and Lively, 1996) , indicating higher dispersal of the parasite and/or the importance of ecological habitat differences (Nadler, 1995) .
Various features of feather lice make them especially suitable for inferring history or ecology of their host. Many species of louse spend their entire life cycle on the host and disperse via direct contact between hosts (Marshall, 1981) , suggesting a shared history among some species of lice and their hosts. In addition, parasitic lice have been shown to have an elevated rate of nearly neutral molecular evolution compared to their host (Page et al., 1998) . On the basis of the idea of a shared evolutionary history with the host; this elevated rate of evolution may be utilized to uncover the recent history of the host.
The Australian magpie, Gymnorhina tibicen (Artamidae) is a widespread passerine endemic to Australia and Papua New Guinea. Three main plumage forms based on dorsal colour are currently recognized in Australia: black backed (BB) in northern Australia, white backed (WB) in southeastern Australia and Tasmania and white back males/black back females (varied) in southwestern Australia (Schodde and Mason, 1999) . Phylogeographic analysis of magpie populations based on mitochondrial control region variation indicated shallow east-west structuring (Toon et al., 2007) . It was estimated that populations had been isolated on either side of the continent in the late Pleistocene (less than 50 000 years). Microsatellite analysis on the same populations suggested that in fact there had been secondary contact between northeastern and northwestern populations. It was suggested that male-mediated dispersal in magpies could account for the evidence of gene flow in nuclear genes preceding gene flow in mtDNA.
Two species of chewing lice: Philopterus sp. (Nitzch, 1818; Ischnocera: Philopteridae) and Brueelia semiannulata (Piaget, 1883; Ischnocera: Philopteridae) are obligate ectoparasites of the Australian magpie. Philopterus sp. collected from mainland populations of G. tibicen belong to a single undescribed species (Hughes, 1984a) . B. semiannulata is only known to parasitize the Australian magpie (Price et al., 2003) . They are distantly related species and act as independent taxa for evolutionary questions. Louse morphology is not associated with the east-west mtDNA divergence (or back colour differences) among magpie host populations for either species of louse. In a morphometric analysis based on head characters, Hughes (1984b) reported little difference among mainland populations of B. semiannulata. Morphological variation was found between some mainland populations of Philopterus sp., although no consistent geographical pattern (for example, isolation by distance) was evident.
Philopterus sp. are highly habitat specific and restricted to the head and nape feathers of the magpie. In contrast, the habitat of B. semiannulata is much larger (body feathers) and includes a range of feather sizes, suggesting that it is a less specific species (Clay, 1951) . Higher habitat specificity and lower habitat availability for Philopterus sp. may result in lower dispersal potential than for B. semiannulata due to less opportunities for Philopterus sp. to gain access to a new host through host to host contact. Some species of lice that share a host but live in different habitats also display differences in dispersal potential (Johnson et al., 2002) . The differences in dispersal potential among the two louse species are expected to result in greater levels of gene flow among populations of B. semiannulata and possibly higher concordance of genetic variation with the host in Philopterus sp.
In the current study, genetic variation in two species of obligate feather lice is analysed and compared to the avian host to test the idea that parasites are valuable tools for reconstructing the evolutionary history of the host. Primarily, we were interested in testing the concordance of feather lice with the host. If structure is concordant, we asked whether additional information could be gleaned from using phylogenies of Philopterus sp. and B. semiannulata to infer host history? If structure is not concordant, then what are the non-historic factors shaping the population structure of the feather lice?
Methods
Sampling and DNA extraction Lice were collected during a phylogeographic study on the host. Sites were targeted that represented the three main back colour forms of the Australian magpie. No Philopterus sp. samples were collected from southwestern magpie populations (varied magpie), even though more than 30 birds were captured and examined during sampling. Sampling localities are shown in Figure 1 . Magpies were caught using an open-ended chicken wire cage placed over a caged live decoy magpie. Each wild bird was examined visually for the presence of Philopterus sp. and B. semiannulata by searching the feathers for 5-10 min. All lice were removed from the feathers of the host with feather-light forceps and preserved in 95% ethanol. A sample of blood was collected from the toenail of each magpie caught and stored in lysis buffer until samples were returned to the laboratory and stored at À80 1C.
Prior to extraction, lice were soaked in lysis buffer (0.02 M Tris-HCl, 0.05 M EDTA (pH 8.0), 0.05 M NaCl, 0.2% SDS) for 24 h. A single louse was extracted at a time with the DNeasy Tissue Kit (Qiagen, Victoria, Australia) following the specified protocol for insects.
Amplification and sequencing A fragment of cytochrome oxidase I (COI) was amplified and sequenced with the universal primers LCO1490 (5 0 -GGTCAACAAATCATAAAGATATTGG-3 0 ) and HCO2198 (5 0 -TAAACTTCAGGGTGACCAAAAAATCA-3 0 (Folmer et al., 1994) for both species of feather lice. For the host, control region sequence variation was previously described in Baker et al. (2000) and Toon et al. (2007) . Although use of an identical gene fragment for lice would have been preferred, the non-coding region of the mtDNA in lice is AT rich and greatly reduced in length (Covacin et al., 2006) . In contrast, COI has been shown to be a highly variable marker that is useful for intraspecific studies of invertebrate species (Heilveil and Berlocher, 2006; Whiteman et al., 2007) .
The target fragment was amplified in 25 ml reactions containing 1 Â Taq polymerase buffer, 2 mM MgCl 2 , 0.2 mM deoxyribonucleotide triphosphates, 0.4 mM of each primer, 0.1 U Biotaq Taq polymerase (Bioline, New South Wales, Australia). The following programme was used to amplify the target fragment, after an initial denaturation of 5 min, 40 cycles were completed of 95 1C for 30 s, 50 1C for 30 s, 72 1C for 30 s followed by a final extension step of 72 1C for 5 min. The PCR products were gel purified with Qiaquick PCR purification (Qiagen). The COI fragment was sequenced in both forward and reverse directions using an ABI377 automated sequencer semiannulata where each population is represented by a pattern that corresponds to haplotype networks in Figure 4 . Australian magpie plumage forms adapted from Schodde and Mason (1999) . Black-backed forms (BB) are highlighted in dark grey. White-backed forms (WB) are highlighted in light grey. Zones of inter-gradation between plumage forms are highlighted in black.
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Phylogenetics and statistical analysis Sequences were aligned with Sequencher 4.1 (Gene Codes Corporation). To help rule out the possibility that genetic patterns in the louse phylogeny were due to sequencing nuclear mitochondrial pseudogenes (Numts), sequences were visually inspected for the occurrence of stop codons and frameshift changes following Bensasson et al. (2001) .
Phylogenetic analyses were completed in Paup version 4.0b10 (Swofford, 2000) . An appropriate substitution model was selected with the use of Modeltest version 3.7 (Posada and Crandall, 1998) . A Philopterus sp. sequence collected from the sister species (Cracticus nigrogularis) of the Australian magpie was used to root the Philopterus sp. data set. No outgroup was available for the B. semiannulata data set and thus the phylogeny was midpoint rooted. Mean divergence among haplotypes within clades and net mean divergence between clades (Nei and Li, 1979) was calculated using the selected substitution model. Maximum likelihood trees were constructed and 100 bootstrap replicates were performed on each of the aligned louse sequence data sets.
To compare host and louse phylogeographic structure, phylogenetic relationships among haplotypes were reconstructed with parsimony network analysis using TCS 1.21 (Clement et al., 2000) with a 95% connection limit. Networks were constructed for each of the three mtDNA data sets. For the host, only populations where either species of louse was collected were included in the analysis. Due to the deep divergences among some louse sequences, we were unable to connect louse clades using TCS. Nonetheless, the use of a network allows the comparison of structure within clades among data sets. In addition, the ancestry among extant haplotypes can be identified based on the idea that internal common haplotypes represent ancestral haplotypes (Posada and Crandall, 2001 ).
An analysis of molecular variance (AMOVA, Excoffier et al., 1992) was used to investigate whether genetic variation among louse populations could be explained by patterns of variation in the host. For each species, populations were grouped based on magpie mtDNA clades such that variation was partitioned east to west. The eastern group consisted of seven populations (Philopterus sp., n ¼ 23; B. semiannulata, n ¼ 42) and the western group of four populations (Philopterus sp., n ¼ 15; B. semiannulata, n ¼ 20)) for each species of louse. Genetic variation was compared within all populations, among populations within groups (F SC ) and between groups (F CT ). F-statistics were calculated for each level of analysis using Arlequin 3.01 (Excoffier et al., 2005) .
Due to finding discordance of phylogeographic structure between host and B. semiannulata (see 'Results'), we tested COI for evidence of selection. The McDonald and Kreitman (M-K) test (Mcdonald and Kreitman, 1991) was performed in DnaSP (Rozas and Rozas, 1999) . The M-K test compares the number of synonymous to nonsynonymous substitutions within and between taxa. Here we classified our taxa into two groups based on geographic distribution. The first group contained northern B. semiannulata haplotypes (clade 1). The second group contained southern haplotypes (clade 2).
Results

Genetic variation
A total of 38 Philopterus sp. individuals were sequenced for 464 bp of COI from 11 geographic sites. The target fragment was highly variable (85 variable sites) and 93 mutations were found (Table 1) . Twenty-three unique haplotypes were identified. No haplotype was found at more than a single geographic location. Nucleotide sequences are deposited in GenBank accession numbers EF540670-EF540693.
We identified 17 haplotypes from the 62 B. semiannulata COI sequences. A total of 133 variable sites were found for B. semiannulata representing 133 mutations (Table 1) . Twelve haplotypes were unique to individual sampling sites. The remaining five haplotypes represented 65% of all sampled individuals. Nucleotide sequences are deposited in GenBank accession numbers EF550191-EF550207.
Sequences were visually inspected for potential pseudogenes. No base ambiguities were noted between complimentary strands or within a sequence. Also there was no indication of any frameshift mutations or stop codons in either louse species sequences, suggesting all fragments sequenced were in fact from coding genes.
Phylogenetics
For the Philopterus sp. data set, maximum likelihood searches produced a single tree (Figure 2 ) using the model selected in Modeltest (TVM þ I þ G, i ¼ 0.5197; a ¼ 0.6817). Five clades were strongly supported in the maximum likelihood tree reconstruction. Clade 3 was represented by only a single individual at Rowsley (Rw) and clade 5 by two individuals from the Kimberley1 (Km1) site. Clade 2 was also restricted to a single site (Alice Springs, As). Clades 1 and 4 accounted for the majority of all samples and were present at multiple sites.
A single maximum likelihood tree was produced for the B. semiannulata data set (Figure 3 ) using the model selected in Modeltest (GTR þ G model, i ¼ 0.0; a ¼ 0.4529). Four clades were strongly supported. Clades 3 and 4 were restricted to northeastern sites. The genetic divergence between clades 3 and 4 and all other clades was high (12.5-17.2%). These divergent sequences were represented by only seven sampled lice and possibly reflect host transfer (see 'Discussion') and were therefore removed from further population analysis.
Host-mediated genetic structure and selection
The parsimony network analysis of the host mtDNA data set revealed two clades separated by four steps that corresponded to eastern (Cc, As, Ct, Mb, Rk, Br, Sr, Rw) and western geographical locations (Pe, Bm, Km1, Km2, Mt; Figure 4 ). For the Philopterus sp. data set, we were able to connect haplotypes in three of the five clades identified from the ML phylogeny. Although we were unable to connect haplotype 15 it was most closely related to clade 2 (3.8%). Haplotype 20 was highly divergent from all other haplotypes (7.4-9.1%). Philopterus sp. haplotypes were restricted to individual sites and many missing haplotypes were inferred with the network analysis. Clades 1 and 2 overlap geographically with the eastern host clade but are restricted in Are lice good proxies for host history?
A Toon and JM Hughes distribution. Clade 1 was only found at the As site whereas clade 2 had a broader distribution and was found at all other eastern sites (Ct, Mb, Rk, Br, Sr, Rw) except As and Cape Crawford (Cc). Clade 3 overlapped with the host's western clade, however one haplotype was found on eastern magpies at Cc.
The geographical distribution of B. semiannulata mtDNA haplotypes produced a very different pattern to that of both Philopterus sp. and the Australian magpie. Two non-overlapping clades, clades 1 (southern Australia) and 2 (northern Australia) accounted for the majority of haplotypes and represented the entire sampling distribution. Divergence between the northern and southern clades was 4.2%. The ancestral haplotype (Figure 4 ) inferred for clade 2 was found at all northern sites (Bm, Km1, Km2, Mt, Cc, Ct, Mb, Rk). The ancestral haplotype inferred for clade 1 was found in southeastern sites (Br, Sr, Rw), whereas the southwestern site Perth (Pe) was represented by two unique haplotypes that were separated by two steps from southeastern haplotypes.
Based on host mtDNA groups, the AMOVA indicated a high level of among population within group variation in Philopterus sp. (F SC ¼ 0.74, Po0.001) and B. semiannulata (F SC ¼ 0.95, Po0.001). The between-group analysis revealed however, remarkably different results for each species of louse. For the Philopterus sp. data set, 74.6% of the variation was partitioned between eastern and western groups. However, the groups did not account for any of the variation (À37.2%) in B. semiannulata sequence data. The F CT was highly significantly for Philopterus sp. (F CT ¼ 0.75, Po0.05), yet was not significant in B. semiannulata (F CT ¼ À0.37, P ¼ 0.89).
The M-K test was not significant (P ¼ 0.53) suggesting there was no departure from neutrality for the COI gene of B. semiannulata. In fact, there were very few nonsynonymous substitutions (fixed ¼ 1, polymorphic ¼ 2) compared to synonymous substitutions (fixed ¼ 18, polymorphic ¼ 8) between the two clades.
Discussion
Population structure of feather lice As feather lice are obligate parasites and are unable to survive for long away from their host, we expected to see a concordant pattern of variation between lice and their host. However, in contrast to what we expected, Are lice good proxies for host history?
A Toon and JM Hughes phylogenetic analysis of two species of magpie feather lice showed two distinctly different patterns of geographic variation. Philopterus sp. showed deep east-west divergence congruent with phylogeographic structure shown in the host. B. semiannulata showed phylogeographic structure, yet was discordant with the magpie host. Several B. semiannulata and two Philopterus sp. individuals that were sequenced were highly divergent to all other samples and were in the range observed between species in the louse genus Physconelloides (Johnson et al., 2002) or among species of Columbicola that use different hosts (Whiteman et al., 2004) . These lice possibly represent host transfer from their regular host to the Australian magpie. At the broad scale, phylogeographic structure of Philopterus sp. was congruent with the host, both Are lice good proxies for host history?
A Toon and JM Hughes displaying deep east-west divergence. No haplotypes were shared between eastern and western populations of Philopterus sp. and the AMOVA based on magpie mtDNA clades estimated a very large, highly significant F CT (0.75, Po0.05). The position of the break between eastern and western lineages in Philopterus sp. differed slightly from the magpie host. Philopterus sp. collected from Cape Crawford (Cc) belonged to a mtDNA clade restricted to northwestern populations, whereas magpies from the same site belonged to the eastern mtDNA magpie clade (Toon et al., 2007) . Although no secondary contact was suggested between host mtDNA clades, gene flow was inferred from microsatellite data between northeastern and northwestern populations thereby potentially facilitating dispersal of western lice to eastern magpie hosts.
Population genetic structure is greater in Philopterus sp. than in the host and thus phylogeographic patterns in this species of louse may provide an insight into very recent history of magpies. Apart from the eastern and western haplotypes found in roughly the same geographic distribution as magpie clades, a third clade was found at the As site. Mitochondrial and microsatellite analysis of magpie populations suggests that Alice Springs (As) is not differentiated from other eastern sites (Toon et al., 2007) . The presence of a divergent clade of Philopterus sp. at the As site but not for magpies may suggest that this population has been isolated historically for a short period of time but not for sufficient time to show divergence in the host. It is postulated that during glacial/arid periods in the Pleistocene, Australia was divided by arid barriers into at least six coastal refuges and an inland refuge in central Australia (Keast, 1961) . From mtDNA analysis and estimates of population divergence, it is suggested that magpies were divided into at least two populations by the time of the most recent glacial/arid period (100 000-16 000 BP) that were most likely distributed along the east coast and the south west of the continent (Toon et al., 2007) . It is possible that magpies also inhabited a third refuge in central Australia during the last glacial/arid period for a short period of time that was sufficient to allow divergence in the parasite and not in the host. An alternative explanation is that dispersal of magpies among eastern populations may not necessarily facilitate dispersal of Philopterus sp. over large distances. Dispersal of Philopterus sp. requires either vertical transmission via direct host to host contact (within families/territories) or horizontal transmission on other hosts (for example, phoresis on hippoboscid flies) (Keirans, 1975) . If transmission of Philopterus sp. is less than the dispersal of magpies we would expect the parasite to show greater genetic structure than the host. Among the eastern Philopterus sp. populations there appears to be considerable divergence (within divergence ¼ 0.7-1.6%) suggesting that transmission of Philopterus sp. may be restricted. To test if the As population is divergent due to dispersal or vicariance, population analysis comparing gene flow over a small versus a large scale to estimate dispersal potential of Philopterus sp. is required.
In contrast to the concordance of phylogeographic structure between Philopterus sp. and the host, B. semiannulata showed a non-overlapping north-south distribution of divergent clades. Louse haplotypes were shared between east and west populations of the host and the AMOVA based on host mtDNA clades was not significant. One common haplotype (bs1) within the northern clade (clade 2) was found in all northern populations distributed from the Kimberley (Km) region across to Rockhampton (Rk) in eastern Australia over a distance greater than 3000 km. Although maternal gene flow is absent in the host between northeast and northwest Australia, microsatellite data suggested that male magpie dispersal is occurring between northeast and northwest Australia (Toon et al., 2007) . It is possible that B. semiannulata disperse primarily on male magpies Are lice good proxies for host history?
A Toon and JM Hughes across northern Australia. Dispersal across northern Australia may also be facilitated via phoresis, the horizontal transfer of lice to other hosts on hippoboscid flies (Keirans, 1975) . During the course of this study hippoboscid flies were commonly observed on captured wild magpies. Brueelia spp. have also been observed on hippoboscid flies collected from dead magpies (Hughes, 1980) . Although dispersal of B. semiannulata across northern Australia may be explained by male magpiemediated dispersal or phoresis, the question remains why there is a large population divergence (4.2%) observed between northern and southern populations where there is no host barrier to gene flow? Similar phylogeographic patterns between louse and host were expected based on the assumption of shared history. However, this idea assumes vertical transmission of the parasite and sharing of ecological constraints between parasite and host. Empirical studies have shown that dispersal ability Whiteman et al., 2007) of lice underlies patterns of population structure. In addition, ecological constraints such as humidity (Carrillo et al., 2007) and size of host may restrict the distribution of a species of louse. Although B. semiannulata structure was not congruent with the host, louse clades were restricted to either northern or southern magpie populations suggesting there is some geographical association. This association may be due to different geographic lineages dispersing via different species of hippoboscid flies with disjunct geographical distributions. Alternatively, populations of B. semiannulata may be restricted in distribution due to habitat constraints. B. semiannulata lives on body feathers of the Australian magpie that vary in colour and size. Colour of back feathers changes abruptly (approximately 100 km in the south east) between northern and southern populations and this morphological feature is used to classify magpies into three main back colour forms: northern black-backs, southeastern white-backs and southwestern varied (Schodde and Mason, 1999) . These back colour forms are however, not strictly associated with B. semiannulata lineages. Southern B. semiannulata populations are found at Brisbane (Br) over 1000 km north of the contact zone (Figure 1 ) between black-backs and white-backs in eastern Australia. Therefore, even if lice diverged due to differences in back colour of host it is unlikely these differences are currently maintaining the geographic distribution of lineages.
Size of magpie also changes latitudinally, and represents a cline such that southeastern magpies are the largest (wing: males 230-255 mm) and northern magpies (wing: males 270-290 mm) are the smallest mainland birds (Schodde and Mason, 1999) . demonstrated a relationship between host body size (proportional to feather size) and lice body size and found that this relationship was important for lice to avoid being removed from their host during preening. The distribution of divergent B. semiannulata lineages may reflect taxa that are restricted by feather size of the magpie host. Experimental analysis of feather size and behaviour of B. semiannulata in relation to preening is required to test this hypothesis.
In conclusion, the two species of Australian magpie feather lice examined here showed very different phylogeographic patterns. Philopterus sp. are strongly congruent with their magpie host reflecting a shared history and supporting the idea of vertical transmission as a means of dispersal. In contrast, phylogeographic patterns in B. semiannulata are much more complex and are possibly influenced by dispersal of the louse and ecology of the host rather than reflecting a shared history with the host.
